An analytical method in which we used the selective adsorption of several fluorophores by yeast cells is described. The suitability of using binary mixtures of 1-pyrene butyric acid, 3,6-dimethylamino acridine, 4-acetamido-4'-isothiocyanatostilbene-2,2'-disulfonic acid, and rhodamine B isothiocyanate for the characterization and identification of microorganisms was tested with 98 yeast strains belonging to the genera Candida, Hansenulu, Kluyveromyces, Pichia, Rhodotorula, and Saccharomyces. The application of multivariate statistical methods and pattern recognition methods to the allocation of the yeast strains into genus-species-strain structures and to a comparison of fluorescence data sets for differentiation and identification purposes showed _-
the usefulness of the method.
The availability of fast and reliable methods for characterization, differentiation, and identification of microorganisms has become increasingly important, e.g., for selecting strains, for monitoring the stability of cultures in production facilities, and for identifying microorganisms in biotechnology and medicine.
The application of analytical methods to these problems provides additional data which supplement the biochemical, physiological, and morphological data obtained by conventional microbiological methods. Thus, fluorescence spectroscopy has proved to be useful for characterization of microorganisms because of its high levels of sensitivity and selectivity (4,5). Moreover, the ready availability and reproducibility of fluorescence spectroscopy and the possibility of computerized acquisition and processing of data obtained by this technique suggest a useful method for analytical characterization of microorganisms.
MATERIALS AND METHODS
The dyes 1-pyrene butyric acid (PBA), 3,6-dimethylamino acridine (AO), 4-acetamido-4'-isothiocyanatostilbene-2,2'-disulfonic acid (SITS), and rhodamine B isothiocyanate (RITC) were selected and combined as binary mixtures of PBA plus A 0 and SITS plus RITC to avoid overlapping of fluorescence bands and disturbance by self-absorption and quenching.
The excitation wavelengths and preferred selectivities of the dyes are shown in Table 1 .
The number of strains of each species which we used is shown in Table 2 . All strains were obtained from the Institute of Biotechnology culture collection and are listed in Table 3 . The type strains tested were strains H 027 (= CBS 2428), H 047 (= CBS 5611), H 071 (= CBS 566), H 202 (= CBS 2027), H 210 (= CBS 5764), and H 211 (= CBS 4307). All organisms were cultivated in agar tubes under standardized conditions at 30"C, harvested after 5 days, and carefully washed twice. In order to obtain comparable cell concentrations, cell suspensions were diluted to an absorbance of 1.3 as determined with a model CARY 17 spectrophotometer (Fa. Varian) at 600 nm and a 2-mm cell thickness in phos- were always determined three times, and the adsorption coefficients were calculated from mean values of Q1 and Q3. Figure 1 shows bar graphs of adsorption coefficient sets for yeast strains H 072, EH 015, H 278, and MH 026. In Table 3 , the calculated adsorption coefficients of 98 test strains are shown, and in Table 4 the adsorption coefficients tests were conducted under certain conditions regarding the data with respect to the independence of the data, the normal distributed errors, and the homogeneous variance.
In order to accommodate both the statistical suppositions and the hierarchical arrangement of the experimental data obtained, the genus-strain structure was taken as the basis for evaluating the groupings. The multivariate separation measure T2 (based on Hotellings' T2 statistic [l]) was used to evaluate the separation power of the feature patterns. Hypothesis H, (T2 = 0, indicating that all group means are equal) could be tested for significance by using the F statistic, where the calculated test value F was compared with the tabulated F value with degrees of freedom g, and g, at the pregiven significance level of 1 -OL = 0.95. Hypothesis H, was rejected if F > F, g2 . Grouping of strains with respect to genus was treatefi by :sing both discriminant and cluster analyses (i.e., with and without the statistical suppositions).
An optimizing clustering procedure was used (3), in which six clusters were assumed to exist for six genera. The clusters obtained with this procedure (Table 5) could be allocated to the genera according to the relative frequencies of strains occurring in the genera. In this way a classification matrix ( Table 6 ) was obtained. If this matrix contained dominant diagonal elements, then agreement of the original biological structure with the structure obtained from the fluorescence pattern could be assumed. The mean value of the relative frequencies of the diagonal elements could be used as a heuristic measure of this agreement.
As a result of the discriminant analysis, the percent reduction in the classification error could also be considered a measure of this agreement.
The effectiveness of the method for strain identification was checked by using 98 allocated and 8 "unknown" strains and applying different mathematical procedures for clustering, classification, and reference search.
In the reference search procedures, Euclidic distance and Mahalanobis distance (1) were used. For identification, both a hierarchical approach and a nonhierarchical approach could be used, and the applicability and effectiveness of the mathematical procedures depended on these approaches.
The procedures for assigning unknown strains (search objects) to genera, species, and strains were applied to eight strains. Each procedure provided one decision vector for assignment of one unknown strain. From this decision vector, we established a hit list of the genera, species, and strains that should be preferred for consideration. To illustrate the results, "place numbers" for the first three positions were conferred ( Table 7) .
RESULTS AND DISCUSSION
The fluorescence method described above enables investigators to characterize yeast strains in a simple manner. The relatively simple data sets permit rapid visual comparisons without mathematical treatment of the data. Thus, differentiation of yeast strains and investigation of strain stability in production facilities can be performed easily.
A comprehensive treatment of fluorescence data with different mathematical procedures resulted in a more objective classification of the yeast strains which we investigated.
The advantage of low-dimension feature vectors is that the desired condition can be maintained for the number of objects in pattern recognition methods; e.g., the relationship between number of objects and number of features should be 2 3 : l .
By using the fluorescence pattern, the pregiven biological genus-strain structure could be verified by cluster analysis by about 34% and by using discriminant analysis by about 42%, neglecting other error sources. The separation of genera was statistically significant at the following multivari-
1.64).
Some pairs of genera could be statistically separated very well (e.g., the genera Pichia and Saccharomyces), whereas others (e.g., the genera Kluyveromyces and Rhodotorula) could not be separated (Table 8) .
Both the hierarchical approach (e.g., assignment to species or strain on the basis of a correctly determined genus) and the nonhierarchical approach were tested. The hierarchical approach furnished better results. For the eight search objects, the correct genus appeared five times in first place and twice in third place; the correct species appeared five times in first place, and the correct strain (only six reference strains were included) showed up twice in first place and once in third place on the hit list ( Table 7) .
In Table 9 , the typical procedure of the hierarchical approach is shown for search object X6 (strain H 093). The expected result was confirmed; the statistical procedures were more suitable for assignment to genus, whereas for determinations of similar strains, reference search procedures were preferred.
Conclusion. A fast and efficient analytical method for the characterization of yeast strains based on the adsorption of fluorescent dyes by whole cells was developed and statistically tested. Our results show that fluorescence patterns are a suitable aid for classification and identification of these microorganisms. About one-half of the strains which we investigated were allocated to the pregiven biological struc- 
